The growth-arrest-specific 2 (gas2) gene was initially identified on account of its high level of expression in murine fibroblasts under growth arrest conditions, followed by downregulation upon reentry into the cell cycle (Schneider et al., Cell 54, 787-793, 1988). In this study, the expression patterns of the gas2 gene and the Gas2 peptide were established in the developing limbs of 11.5-to 14.5-day mouse embryos. It was found that gas2 was expressed in the interdigital tissues, the chondrogenic regions, and the myogenic regions. Low-density limb culture and Brdu incorporation assays revealed that gas2 might play an important role in regulating chondrocyte proliferation and differentiation. Moreover, it might play a similar role during limb myogenesis. In addition to chondrogenesis and myogeneis, gas2 is involved in the execution of the apoptotic program in hindlimb interdigital tissues-by acting as a death substrate for caspase enzymes. TUNEL analysis demonstrated that the interdigital tissues underwent apoptosis between 13.5 and 15.5 days. Exactly at these time points, the C-terminal domain of the Gas2 peptide was cleaved as revealed by Western blot analysis. Moreover, pro-caspase-3 (an enzyme that can process Gas2) was cleaved into its active form in the interdigital tissues. The addition of zVAD-fmk, a caspase enzyme inhibitor, to 12.5-day-old hindlimbs maintained in organ culture revealed that the treatment inhibited interdigital cell death. This inhibition correlated with the absence of the Gas2 peptide and pro-caspase-3 cleavage. The data suggest that Gas2 might be involved in the execution of the apoptotic process.
INTRODUCTION
gas2 is a member of a family of six genes that are highly expressed in 3T3 fibroblasts during growth arrest (Schneider et al., 1988; Brancolini et al., 1992) . The products of these genes regulate both negatively and positively cell proliferation and apoptosis (Del Sal et al., 1992; Fabbretti et al., 1995; Goruppi et al., 1997) . The product of gas2 is a component of the microfilament system and is now believed to be a cell death substrate (Brancolini et al., 1992 . During apoptosis, the Gas2 peptide is processed at its carboxyl-terminal domain by caspase enzymes. These aspartic-specific cysteine protease are the principal effectors of the apoptotic program, by cleaving specific cellular targets or death substrates (reviewed by Martin and Green, 1995; Jacobson et al., 1997) . Removal of the carboxylterminal domain of Gas2 dramatically reorganizes the microfilament system and as a result unveils a potent change in the shape of the affected cells. Therefore, the processing of Gas2 during apoptosis by caspase enzymes could play an important role in mediating the complex morphological changes that characterize cell death. Furthermore, Gas2 is a promising death substrate since its expression is also coupled to increased susceptibility to apoptosis (Brancolini et al., 1997a) . The relationships between microfilament organization and Gas2 have also been demonstrated during G0 3 G1 transition of the cell cycle. Gas2 is rapidly phosphorylated after treatment of growth-arrested cells with various growth factors and the hyperphosphorylated form of Gas2 is relocalized to the membrane ruffles formed at the edges of the cells (Brancolini and Schneider, 1994) . In vitro studies implicated another potential role for Gas2, in the regulation of keratinocytes (Manzow et al., 1996) and muscle (Cowled et al., 1994) differentiation.
Although a great deal is now known of the physiological functions of gas2 in vitro, little remains known of its functional role in vivo. Therefore, we have examined the expression pattern of gas2 in the mouse embryonic limb during development. The vertebrate limb has traditionally been a favorite model for studying apoptosis Zou and Niswander, 1996; Ganan et al., 1996) , chondrogenesis (Fell, 1935; Zimmermann et al., 1982; Zanetti and Solursh, 1984; Lee et al., 1994; Goff and Tabin, 1997) , myogenesis Bladt et al., 1995; Webb et al., 1997) , tendon development (Patel et al., 1996) , and tissue patterning (reviewed in Cohn and Tickle, 1996) . The amenability of the limb to experimental manipulation and the vast accumulation of information currently available regarding the cellular and molecular basis of its development have also made the limb an ideal model for exploring the developmental function of newly identified genes. In this study, we have focused mainly on two aspects of limb development, interdigital cell death and chondrogenesis, because gas2 has been implicated in apoptosis, cell growth arrest, and differentiation in vitro. The spatial and temporal patterns of programmed cell death in the interdigital regions of 12.5-to 14.5-day-old mouse autopodia are now well established (Lee et al., 1994) . Bmp-2, -4, and -7 are now believed to be the initiation signals for the induction of interdigital cell death (Zou and Niswander, 1996; Ganan et al., 1996; Macias et al., 1997) . However, no genes have yet been identified to be directly involved in the execution of the apoptotic program in the limb. gas2 is a good candidate for this role by acting as a death substrate that could be activated by caspase processing Porter et al., 1997) .
The development of cartilage in the limb involves a series of precisely timed acts that include cell condensation, cell movement, changes in cell shape, and programmed cell death (Fell, 1935; Ede and Wilby, 1981; Zimmermann et al., 1982; Solursh, 1989a; Lewinson and Silbemann, 1992) . These morphogenetic events are accompanied by alteration in the arrangement of the cell's cytoskeleton. It has been revealed that limb mesenchyme cultured in the presence of cytochalasin D, a drug that disrupts the organization of actin fibers, causes cells to round up and differentiate into chondrocytes (Archer et al., 1982; Zanetti and Solursh, 1984) . Gas2 is a component of the microfilament network system codistributed with actin fibers (Brancolini et al., 1992) . Therefore, we have examined gas2 expression in limb cell cultures and in the developing limb to ascertain whether gas2 plays a role in the regulation of chondrogenesis. to Day-14.5 embryos were obtained from pregnant ICR mice (Chinese University of Hong Kong). The presence of a vaginal plug was designated as embryonic day 0.5. The mice were killed by cervical dislocation and the embryos were isolated from the decidua in prewarmed Dulbecco's phosphate-buffered saline containing 0.4% bovine serum albumin (PB1; Sigma, St. Louis, MO). Whole embryos and hindlimbs isolated from embryos were either fixed in 4% cold paraformaldehyde and then used for in situ hybridization studies or directly used for culture studies.
MATERIALS AND METHODS

Embryos
Cell Culture
The distal regions of 12.5-day forelimbs were harvested from embryos in PB1 medium. After rinsing the limb fragments with PBS, they were dissociated by incubation with 0.5% trypsin and 0.25% pancreatin in MEM-Hepes medium (Sigma) containing 2.2% sodium bicarbonate, for 30 min at 4°C then for 10 min at 37°C followed by trituration with a Pasteur pipet to mechanically disrupt the tissues. The enzymatic reaction was inhibited by the addition of 10% fetal bovine serum (FBS; Gibco BRL) and all undissociated clumps of cells were removed by filtration through a nylon filter (21-m pore size) to produce a single-cell suspension. The dissociated cells were pelleted by centrifugation at 250g for 3 min and then resuspended in Dulbecco's modified essential medium (DMEM, Sigma) containing 10% FBS. Cell concentration was established with an improved Neubauer hemocytometer and viability was assessed with Trypan blue. The cells were plated out at 5 ϫ 10 5 cells/ml onto 0.1% gelatin-coated coverslips housed inside four-well tissue culture plates. The cultures were maintained at 37°C and 5% CO 2 for 1-7 days. Brdu was added to some of the cultures, 6 h before harvest, so that the extent of cell proliferation in these cultures could be established (Brdu cell proliferation kit, Amersham Life Sciences). Fluorescently-labeled peanut agglutinin (TRITC-PNA, Sigma) was used to confirm the presence of chondrogenic cells in the cultures. PNA is the earliest known marker for chondrogenic cells (Stringa and Tuan, 1996) . Briefly, the cultures were fixed for 1 h in cold 70% ethanol and then stained with 1 g/ml of TRITC-PNA for 30 min at room temperature. The specimens were washed several times in PBS and viewed under a confocal microscope.
Organ Culture
Intact 12.5-day hindlimbs were isolated and placed on a piece of sterile Millipore filter (0.22 m, Millipore, Bedford, MA) mounted on a non-toxic stainless mesh inside the central well of an organ culture dish (Falcon, Lincon Park, NJ). BGJ b was introduced into the central well while sterile distal water was placed in the outer well. Some of the limbs were cultured in the presence of 100 M Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk, Calbiochem) caspase inhibitor. These limbs were incubated for 6 -24 h at 37°C and 5% CO 2 .
Histology
All cultures and whole limbs were freshly fixed in cold 4% paraformaldehyde at 4°C for 12 h. The specimens were then dehydrated in a graded series of cold ethanol, cleared in xylene, embedded in wax, and stored at 4°C. When required, the specimens were sectioned at 7 m and mounted onto to TESPA-treated slides. All solutions used were RNase free.
TUNEL Analysis
The presence of apoptotic cells in 12.5-to 14.5-day hindlimbs and 11.5-day embryos was detected using an ApopTag kit (Oncor, Gaithersburg, MD). Deparaffinized limb sections were digested in proteinase K, quenched in 2% H 2 O 2 in PBS, and equilibrated in buffer. The sections were then reacted with terminal deoxynucleotidyl transferase and digoxigenin labeled. Peroxidase-conjugated digoxigenin antibody and DAB were used to view the location of apoptotic cells. The sections were finally counterstained in methyl green dye.
In Situ Hybridization
Digoxigenin-labeled sense and antisense riboprobes were synthesized from a 500-bp mouse gas2 cDNA fragment inserted into pBSKII (Stratagene) using T3 and T7 RNA polymerase (Boehringer-Mannheim Biochemica), respectively. In situ hybridization was performed on wax sections (Wilkinson, 1992) . Briefly, sections of the specimens were dewaxed, cleared in xylene, and hydrated. The sections were then treated with 10 g/ml of proteinase K for 10 min, postfixed in 4% paraformaldehyde, and incubated in hybridization buffer containing 1 g/ml of digoxigenin-labeled antisense riboprobes. The sense probe was used as the control. The hybridization temperature for gas2 was 58°C, and the incubation time was 18 h. Localization of transcripts was visualized using alkaline phosphatase-conjugated antidigoxigenin Fab fragments and NBT/ BCIP as the chromagen.
Immunohistochemistry
For immunohistochemical analysis, embryo and limb sections were dewaxed in xylene and rehydrated. The sections were then microwaved (400 W) for 4 min in the presence of 6 M urea. After several washes in H 2 O 2 , the sections were postfixed in 3% paraformaldehyde and then washed with 0.1 M glycine made up in PBS, pH 7.5. Incubations with Gas2 antibody (1.5 mg/ml) were performed in TBS buffer (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton-X 100, 3% BSA) at 1/200 dilution for 12 h at room temperature inside a humid chamber. After several washes in TBS buffer, the sections were incubated with 1/2000 dilution of anti-rabbit alkaline-phosphatase conjugate (Southern Biotechnology) in TBS buffer for 1 h at 37°C. The immunocomplexes were then localized with NBT/BCIP (Boehringer-Mannheim) or DAB substrates. Finally the sections were dehydrated, mounted onto coverslips, and viewed with a Ziess Axiovert 35 microscope.
Immunoblotting
For Western immunoblotting, proteins were extracted from 12.5to 15.5-day autopodia after lysis in sample buffer and sonicated as previously described (Brancolini et al., 1992) . The proteins were transferred to a 0.2-m nitrocellulose filter (Amersham Life Sciences) using a semidry blotting apparatus (transfer buffer, 20% methanol, 48 mM Tris, 39 mM glycine, and 0.0375% SDS). After staining with Ponceau S, the nitrocellulose sheets were saturated for 1 h in Blotto-Tween 20 (50 mM Tris-HCl, 500 mM NaCl, 5% nonfat dry milk, and 0.1% Tween 20) and incubated for 3 h at room temperature with anti-pan Gas2, anti-C-terminal Gas2, anti-caspase-3 (Santa Cruz Biotechnology), or anti-tubulin antibodies. The blots were then rinsed three times with Blotto-Tween 20 and reacted with peroxidase-conjugated goat anti-rabbit antibody (Southern Biotechnology) for 1 h. Finally, the blots were washed several times in Blotto-Tween 20, rinsed in PBS, and developed with an ECL kit (Amersham Life Sciences).
Scanning Electron Microscopy
To examine the morphology of interdigital cells during apoptosis, 13.5-day hindlimbs were fixed in 3 M glutaraldehyde made up in 0.1 M sodium cacodylate for 4 h. The specimens were then washed with PBS, postfixed with 1% osmium tetroxide, dehydrated, and critical-point dried. A crack was made extending from the proximal to the distal regions of the limb to expose the interdigital cells. Finally, the samples were coated with gold and viewed under a scanning electron microscope.
RESULTS
Gas2 Expression in the Developing Embryo
The steady-state expression of Gas2 protein, at different stages of mouse embryonic development, was examined by Western blot analysis. The results revealed that, for the same concentration of total protein, there was a dramatic increase in Gas2 expression between 10.5-, 11.5-, and 13.5day-old embryos (Fig. 1) .
The expression pattern of Gas2 in 11.5-and 13.5-day-old embryos was examined by immunohistochemistry (Table  1 ). In the 11.5-day embryo, Gas2 was strongly expressed in the soft connective tissue of the face and trunk. Strong expression was also obtained in the intervertebral tissues but not in the vertebral cartilage ( Fig. 2A ). TUNEL analysis revealed that extensive cell death was present in the soft connective tissues of the face (Fig. 2B ) and the intervertebral tissues ( Fig. 2C )-in regions where Gas2 was expressed. Low levels of Gas2 expression were also detected in the brain and neural tube. In the 13.5-day embryo, Gas2 was again strongly expressed in the intervertebral tissues and the soft connective tissues of the head and trunk (Fig. 2D ). Low levels of gas2 expression were also detected in the developing lung, cortex of the kidney, lens of the eye, and vertebral cartilage located cranially.
Gas2 Expression Pattern in the Developing Mouse Limb
The gas2 sense riboprobe was used as the negative control. No hybridization signal was detected in all limb sections treated with the sense probe. gas2 antisense riboprobe revealed that, in 11.5-day hindlimbs, gas2 was weakly expressed by the mesenchymal cells surrounding the perspective cartilage-forming regions (Fig. 3A) . In 12.5-day hindlimbs, gas2 was strongly expressed by cells enveloping the chondrogenic primordia of the digits, metatarsals, tibia, fibula, and femur ( Fig. 3B ). However, the cells inside the chondrogenic primordia did not transcribe gas2. The soft connective tissue of the interdigital regions also expressed gas2 (Fig. 3B ), but not all of the soft connective tissue cells were capable of expressing gas2. Soft connective tissues that were found distant from the chondrogenic elements either did not transcribe or transcribed very low levels of gas2 mRNA. No expression was found in the ectoderm and apical ectodermal ridge. The Gas2 protein expression pattern in 12.5-day hindlimbs ( Fig. 3C ) was essentially similar to the gas2 mRNA pattern.
Immunohistochemical staining of 13.5-day hindlimbs with Gas2 antibody revealed that Gas2 expression was maintained in the interdigital tissues located proximally (Fig. 3D) . In contrast, no expression was detected distally since apoptosis had progressed into the interdigital tissues of these regions. Gas2 was also produced by some of the chondrocytes in the stylopod but not in the autopod and zygopod. However, the mesenchymal cells surrounding the cartilage in the autopod and zygopod were strongly stained for Gas2 ( Fig. 3D ). In the 13.5-day forelimb, developmentally 0.5 day more advanced than the hindlimb, Gas2 was found strongly expressed in pre-hypertrophic and hypertrophic regions of the humerus, radius, and ulna ( Fig. 3F ). Gas2 expression was maintained by the hypertrophic chondrocytes in these regions well into day 14.5 ( Fig. 3G ) until expression was finally lost at day 15.5 (Fig.  3H )-when these hypertrophic cells die and become mineral-ized. At day 14.5, gas2 was also expressed by cartilages forming the carpals and tarsals. The expression in these cartilages was restricted to the chondrocytes, while no expression was found in the perichondrium (Fig. 3L) . Moreover, mesenchymal cells in the process of condensing to form tendons also expressed gas2 (Fig. 3E ). In the proximal myogenic regions of 13.5-day hindlimb, some of the myoblasts were capable of expressing Gas2 (Fig. 3I ) and examination of similar sites in older limbs revealed that the Gas2 protein was localized in the myotubules (Fig. 3J ). In addition to cartilage and skeletal muscles, the joint-forming regions strongly expressed gas2 (Fig. 3K ).
gas2 Expression Pattern in Chondrogenic Cultures
The relationship between gas2 expression and chondrogenesis was examined by dissociating 12.5-day forelimbs into single cells and maintaining them in culture for 1-7 days. After 1 day of culture, numerous small round aggregates were obtained and these aggregates did not express gas2 (Fig. 4A ). PNA staining revealed that the aggregates were composed of chondrogenic cells (Fig. 4B ). Brdu incorporation studies demonstrated that the increased numbers of cells found within the aggregates were not attributed to a local increase in cell proliferation (Fig. 4E ). In the 3-day cultures, the chondrogenic aggregates were composed of two distinct cell types, as distinguished by their morphology. The cells at the center of the aggregates were round in appearance, whereas the cells at the periphery were more flattened. Moreover, gas2 was expressed in cells located on the periphery but not at the center (Fig. 4C ). There were also more mitotic cells present at the center of the chondrogenic aggregates than at the periphery (Fig. 4F) . The gas2 expression pattern described is similar to those found in 12.5-and 13.5-day hindlimbs, where it was demonstrated that the chondrogenic regions did not express gas2, while strong expression was found in the mesenchymal cells that enveloped the cartilage. In day 7 cultures, most of the chondrogenic aggregates were surrounded by several layers of perichondrium. The perichondrial cells did not express gas2, while strong expression was obtained from chondrocytes located at the center of the aggregates (Fig. 4D ). Again this expression pattern was found in the developing cartilage of 
Note. ϩ, Gas2 weakly expressed; ϩϩ, Gas2 strongly expressed; Ϫ, no expression; NA, not available. a Gas2 weakly expressed in vertebral cartilage located cranially.
14.5-day and older limbs (Fig. 3L ). Brdu incorporation tests performed at day 7 revealed that the mitotic cells were mainly distributed in the perichondrium (Fig. 4G ).
Apoptosis in 12.5-to 13.5-Day Hindlimbs
The location of apoptotic cells during development of the autopodium was established by TUNEL analysis. In 12.5-day hindlimbs, apoptotic cells were found mainly distributed in the apical ectodermal ridge and distal mesenchyme located near digits 1 and 5. No apoptotic cells were found in the interdigital regions (Fig. 5A) . On day 14, numerous apoptotic cells were detected in the interdigital zone (Fig.  5B ) and by day 14.5 these cells were also found in the prospective joints of the developing digits. Scanning electron micrographs of cells in the interdigital regions of 13.5-day limbs revealed that the interdigital cells precociously round up prior to the onset of cell death (Fig. 5C ).
Gas2 Cleavage during Apoptosis
It has been reported that cleavage of the carboxyl terminal of the Gas2 peptide by the ICE-like enzyme could induce apoptosis in fibroblasts . To determine whether this also applies to the developing limb, the autopodia of 12.5-to 15.5-day hindlimbs were harvested and their total protein was extracted for Western blot analysis. The results showed that in all 12.5-to 15.5-day specimens examined, there was one strongly stained Gas2positive band (approximately 36 kDa) present. In the 12.5and 13.5-day samples, a smaller Gas2-positive band (approximately 29 kDa) was also detected (Fig. 5D ). This extra band was also present in 14.5-and 15.5-day samples but more intensively stained. These results indicate that Gas2 is cleaved when apoptosis is prevalent in the autopod. Western blot analysis was also performed with caspase-3 antibody to determine whether there was a correlation between Gas2 cleavage and caspase-3 expression. An almost identical pattern of expression was obtained for procaspase-3 (32 kDa). A pro-caspase-3-positive band was found in all 12.5-to 15.5-day footplate extracts. Moreover, the cleaved active form of caspase-3 (17 kDa) was present at all these time points (Fig. 5D ).
The effects of zVAD-fmk caspase inhibitor on 12.5-day hindlimbs in organ culture were examined. A striking histological difference was found between zVAD-fmktreated and untreated limbs, after 24 h incubation (Figs. 6A and 6B). Limbs treated with the inhibitor possessed significantly fewer apoptotic cells in the interdigital regions ( Fig.  6B ) than those untreated (Fig. 6A) . This difference was less obvious between digits 1 and 2 because apoptosis had already proceeded in these regions, prior to the addition of the caspase inhibitor. Immunohistological staining demonstrated the presence of numerous caspase-3-positive cells in the interdigital regions of the 13.5-day footplate (Fig. 6C ). We investigated whether the inhibitory effects of zVADfmk were associated with Gas2. The interdigital regions (between digits 2-3 and 3-4) of zVAD-fmk-treated limbs were harvested and used for Western blot analysis. The results showed that the Gas2 peptide was not cleaved in zVAD-fmk-treated interdigital tissues, with only the 36-kDa band present (Fig. 6D ). However, in the nontreated interdigital tissues both the intact (36 kDa) and cleaved (29 kDa) forms of Gas2 peptides were detected (Fig. 6D ). Analysis was also performed with C-terminal Gas2 antibodies. The results demonstrated that the cleaved Gas2-positive band present in nontreated interdigital tissues was absent when stained with the C-terminal Gas2 antibody. This implies that the C-terminal domain of Gas2 was deleted (Fig. 6D) . We also examined the effects of the zVAD-fmk inhibitor on caspase-3 cleavage in the interdigital tissues. In nontreated samples, the pro-and active forms of caspase-3, 32 and 17 kDa, respectively, were present. In the zVADfmk-treated samples, both caspase-3-positive bands were also visible, but the cleaved 17-kDa band was very weakly stained-indicating that the inhibitor had prevented procaspase-3 from being processed (Fig. 6E ).
DISCUSSION
The gas2 gene encodes for a product that is a component of the microfilament system (Brancolini et al., 1992) . The protein is colocalized with actin fibers and its function has been studied extensively in fibroblast cultures. It has been revealed that Gas2 is involved in the regulation of cell growth and the execution of apoptosis (Brancolini et al., , 1997a . At present, we have demonstrated that gas2 may play a role in the control of apoptosis and chondrogenesis in the developing mouse limb.
Gas2 and Chondrogenesis
The development of the limb skeleton begins with a cellular condensation process whereby loosely associated prechondrogenic mesenchymal cells aggregate together to form a chondrogenic nodule (Fell, 1935) . This process involves (1) cell migration (Ede and Flint, 1975; Ede and Wilby, 1981) , (2) rearrangement of the cytoskeleton (reviewed in Solursh, 1989a) , and (3) changes in cell-cell and cell-matrix interactions (Zimmermann et al., 1982; Frenz et al., 1989; Caroline and Kosher, 1991 )-rather than directly attributed to a local increase in cell proliferation as we currently and others (Hornbruch and Wolpert, 1970; Janners and Searls, 1970) have demonstrated. Once the chondrogenic primordium has become established, chon-FIG. 3. Gas2 expression in 11.5-to 15.5-day forelimbs (FL) and hindlimbs (HL) was determined using gas2 antisense riboprobes (A, B, E, K, L) and Gas2 antibodies (C, D, F-J). (A). In 11.5-day hindlimbs, gas2 is expressed in mesenchymal cells surrounding the presumptive chondrogenic regions. (B) In 12.5-day hindlimbs, gas2 is strongly expressed in the interdigital tissues and cells surrounding the developing cartilage. (C) Immunohistological staining revealed that Gas2 protein is also expressed in the interdigital tissues of 12.5-day hindlimbs but by day 13.5 (D) expression is restricted to the proximal regions of the interdigital tissues. (F, G) Gas2 is strongly expressed by chondrocytes (arrows) in the hypertrophic regions (Hyp) of developing cartilage. Gas2 expression is lost when the hypertrophic chondrocytes die and become mineralized (H). In the myogenic regions, some of the myogenic cells (*) are capable of expressing Gas2 (I) which later become restricted to the myotubules in mature myogenic regions (J). In addition to cartilage and muscles, gas2 is expressed by mesenchymal cells in the joint-forming regions (K) and the developing tendons (E, K), but not the perichondrium (L). C, cartilage; IDZ, interdigital zone; M, myogenic region; F, femur; T, tendon; Uln, ulna; J, joint-forming region; Carp, carpals; Pc, perichondrium. Bars, 100 m. drogenesis proceeds in the center of the condensation, whereas cells located in the periphery retain their mesenchymal characteristics (Zimmermann et al., 1982) . These morphogenetic events can also be dynamically followed in limb micromass cultures and we have exploited this technique to define the role the gas2 gene plays in chondrogenesis. It was found that gas2 was not expressed by limb mesenchymal cells during the early stages of chondrogenesis, when cells aggregate to form chondrogenic nodules. However, as these aggregates developed, gas2 was expressed by cells located on the periphery but not the center of the chondrogenic nodules. This expression pattern was also found in the limb where all of the developing cartilages were surrounded by layers of gas2-positive cells. We speculate that the early expression of gas2 may be related to the recruitment of cells required to form the chondrogenic nodules. This interpretation is conceivable because Gas2 protein is a component of the microfilament system and is codistributed with actin fibers in nonmyogenic cells (Brancolini and Schneider, 1994; Brancolini et al., 1992 Brancolini et al., , 1995 . Moreover, the actin cytoskeleton is implicated in many cellular activities such as motility, cell division, and the regulation of cell shape-all of which are involved in chondrogenesis (Solursh, 1989a; Benjamin et al., 1994) . The lack of gas2 expression in the aggregate's center may be related to cell proliferation since large numbers of Brdupositive cells are often associated with the region and Gas2 is a growth arrest gene (Brancolini and Schneider, 1994) . We have also discovered that, at more advance stages, the gas2 expression pattern is reversed-with cells at the center but not the periphery of cartilage-expressing gas2. This reversal is not unexpected and is probably related to the way cartilage normally develops. Normally, differentiation proceeds in the center of the cartilage while the perichondrium in the periphery continues to proliferate and contribute additional cells to the center. Therefore, the activation of gas2 in the chondrogenic core may be a prerequisite for chondroblasts to differentiate by arresting cell proliferation, but cells in the periphery can continue to multiply as gas2 is not expressed in these regions. Indeed, in our Brdu incorporation studies we have ascertained that chondrogenic regions expressing gas2 generally contained fewer mitotic cells. In the yeast hybrid system, we have recently discovered that Gas2 can bind with calpain (unpublished observation). Calpain is a Ca 2ϩ -dependent cysteine proteinase. It has been implicated in the regulation of the cartilage mineralization process through proteoglycan degradation (Yasuda et al., 1995) . In the limbs, Gas2 is strongly expressed by the prehypertrophic and hypertrophic chondrocytes, so it is possible that Gas2 may interact with calpain to control the cartilage mineralization process.
Gas2 and Apoptosis
As fibroblasts undergo apoptosis in culture, the carboxylterminal domain of Gas2 is proteolytically processed by caspase enzymes . It has been revealed that, in vitro, this cleavage process is triggered by caspase-3 but not by caspase-2 (Brancolini et al., 1997b) . The cleavage and removal of the C-terminal domain induce a dramatic change in cell shape, as a result of the accompanying reorganization of the microfilaments . It is worth noting that caspases orchestrate morphogenetic changes during apoptosis by processing different regulators of the actin cytoskeleton such as fodrin RhoGDI and beta-catenin (Cryns et al., 1996; Martin et al., 1996) . Fodrin (nonerythroid spectrin) is proteolyzed during apoptosis. Similarly, D4-GDI, a substrate of caspase-3, is also proteolyzed during Fas-induced apoptosis (Na et al., 1996) . The dismantling of cell-cell contacts during apoptosis is coupled to a caspase-dependent proteolytic cleavage of beta-catenin (Brancolini et al., 1997b) .
In the mouse limb, apoptosis plays a crucial role in sculpturing the contour of the autopodium and in the separation of the digits, through the elimination of excess tissues from the interdigital regions and the anterior and posterior necrotic zones (Lee et al., , 1994 . Our scanning electron micrographs revealed that one of the precocious features of cells dying in the interdigital regions is that they take on a rounded morphology. This observation has also been previously reported by Hurle et al. (1995) . Brancolini et al. (1995) demonstrated that overexpression of Gas2 deleted at its C-terminal, but not at its wild-type form, can induce a dramatic change in the actin cytoskeleton and the morphology of affected cells. A majority of cells overexpressing the deleted form of Gas2 have a contracted spherical body and numerous finger-like cytoplasmic processes. At present, we have reported that gas2 mRNA and peptide are expressed in the interdigital regions of 12.5-and 13.5-day hindlimbs. In addition, Western blot analysis of total proteins extracted from whole 12.5-to 15.5-day autopodia revealed that Gas2 is cleaved at 12.5-
FIG. 4. Gas2 expression and cell proliferation during chondrogenesis in cell culture. (A)
In situ hybridization showed that gas2 is not expressed by cells condensing to form chondrogenic aggregates. (B) TRITC-PNA staining confirmed that aggregates are composed of chondrogenic cells. These aggregates are formed as a result of the active recruitment of mesenchymal cells rather than the result of localized cell proliferation as revealed by Brdu incorporation analysis (E). In more mature aggregates, gas2 expression is switched on by chondrogenic cells (arrowheads) around the periphery (C). Correspondingly, there are also more mitotic cells (arrows) present in the center than in the periphery of these aggregates (F). In fully formed chondrogenic aggregates, a stratified layer of perichondrium is evident surrounding the chondrocytes. These perichondrial cells do not express gas2. In contrast, gas2 is actively expressed by chondrocytes located at the center of these chondrogenic nodules (D). In addition, there are more mitotic cells found in the perichondrium than in the chondrogenic center (G). C, chondrogenic aggregates; PC, perichondrium; arrows, Brdu-positive cells mitotic cells; arrowheads, gas2-positive cells. Bars, 100 m. 15.5 days. We have previously reported that the interdigital tissues of 12.5-day hindlimbs are developmentally plastic and can be diverted from the apoptotic pathway to form cartilage and soft connective tissues (Lee et al., 1994) -but this plasticity is irreversibly lost by day 13.5. It is significant that we have found Gas2 cleaved at day 13.5 (a stage when apoptosis is clearly visible in the interdigital regions as revealed by TUNEL analysis) because it suggests that Gas2 may be in-volved in the cascade of interactions that are important for the execution of the apoptotic program in the interdigital tissues. Moreover, we have detected the presence of the pro-and active forms of caspase-3 in total proteins extracted from 12.5to 15.5-day autopodia and the presence of caspase-3 in interdigital cells of 13.5-day hindlimbs. To determine whether Gas2 and caspase-3 are involved in apoptosis, we introduced zVAD-fmk (a cell-permeable protease inhibitor of different caspases) into 12.5-day hindlimb cultures. We found that treatment can prevent the onset of apoptosis in the interdigital regions and also Gas2 from being proteolytically processed. In addition, the inhibitor blocked the cleavage of pro-caspase-3 into its active form as revealed by Western blot analysis. These results suggest that the execution of programmed interdigital cell death is orchestrated by a proteolytic cascade involving caspase-3 and Gas2. However, we have not provided direct evidence that caspase-3 can cut Gas2 in the present case, but in cultured fibroblasts Gas2 cleavage can be triggered by caspase-3 (Brancolini et al., 1997b) . Recent gene knockout studies seem to indicate that the caspase-1 (Li et al., 1995) and caspase-3 (Kuida et al., 1996) genes are not required to produce interdigital cell death because targeted disruption of these genes produced mice with normal limbs. However, there are at least 11 members of the caspase (Ced-3/ICE) family in mammals (reviewed in Chinnaiyan and Dixit, 1996) and some of them could play a redundant role in interdigital cell death. The effectiveness of caspase inhibitors in blocking interdigital cell death has also been reported by other workers in the chick (Milligan et al., 1995) and the mouse (Jacobson et al., 1996) . Our view that Gas2 is involved in apoptosis during development is further supported by its expression pattern in the developing embryo. Gas2 was found strongly expressed in the intervertebral tissues and the craniofacial mesenchymeregions that normally undergo extensive apoptosis. In the cartilage of the limbs, the hypertrophic chondrocytes also undergo apoptosis (Lewinson and Silbemann, 1992) and these cells strongly express Gas2 and caspase-3 enzyme (unpublished observation). Nevertheless, there are other regions in the embryo, such as the heart, which also experience apoptosis but do not express Gas2.
Gas2 and Myogenesis
In addition to cartilage, Gas2 is expressed in the myogenic regions. The expression pattern seem to suggest that Gas2 may be involved in the fusion of myoblasts to form myotubules. Interestingly, Elamrani et al. (1995) proposed that myoblast fusion involves calpain cleaving desmin and vimentin intermediate filaments. In a similar analogy, perhaps the cleavage of Gas2 by caspase-3 is also involved in myoblast fusion. This is possible because we have recently detected the presence of caspase-3 in the myogenic regions (unpublished observation).
In conclusion, Gas2 plays a multifunctional role in the development of the limb. The peptide is involved in differentiation of cartilage and skeletal muscles. Moreover, Gas2 is involved in the execution of interdigital programmed cell death by acting as a death substrate for the cleavage actions of caspase enzymes.
